Cellulose was extracted from the roots, stems and stem tips of Salicornia brachiata Roxb. Each crude cellulose sample obtained was fractionated into α-and β-celluloses. The yields of crude cellulose from the stems and stem tips were greatest and lowest, respectively, while the yields of α-and β-celluloses were in the order, roots > stems > stem tips. The cellulose samples were characterized by Fourier transform infrared spectroscopy (FT-IR), solid state cross polarisation magic angle spinning carbon-13 nuclear magnetic resonance spectroscopy (CP/MAS 13 C NMR), X-ray diffraction pattern (XRD), thermo gravimetric analysis (TGA) and scanning electron microscopy (SEM). The data were compared with those of the celluloses (predominantly α-cellulose) isolated from Whatman filter paper No. 4 (WFP).
Salicornia brachiata Roxb. (Chenopodiaceae) is an annual herb, a succulent halophyte, which grows in coastal areas, especially in salt marshes and on the muddy seashores along the Arabian Sea in India [1] . Salicornia is commonly known as sea asparagus or umari keerai [2] . It has been reported to be used in folk medicines for curing various maladies [3] . Recently, anti-tubercular activity of S. brachiata from the Indian coast has been reported [4] . Traditionally, the plant has been considered as an important source for animal fodder. Herbal salt has been prepared from this plant [5] , and its oil-yielding seeds are used by mangrove dependent villagers as a vegetable diet [6] .
Cellulose represents a class of naturally occurring polysaccharides and the most abundant organic substance on Earth. It is a major constituent of cell walls of higher plants, and gives structural strength to the plants. Cellulose exists as a mixture of two crystalline forms, α-and β-cellulose. α-Cellulose has a one-chain triclinic structure, while β-cellulose has a two-chain monoclinic structure [7] . Due to the abundance of S. brachiata along the coastal areas of India and elsewhere, it may be useful as an alternative source for cellulose. We report herein the isolation and characterization of cellulose from the plant. To our knowledge, this is the first report of cellulose profiling of any Salicornia species.
The yields (w/w %) of cellulose samples obtained from the different parts of S. brachiata were calculated on the basis of the received dry plant material. The yields of crude celluloses from the stems and stem tips were greatest (45.0%) and lowest (9.2%), respectively. The yields of α-and β-celluloses were in the order roots (31.0%) > stems (29.2%) > stem tips (4.1%). The α/β ratio, however, had a totally different profile as stems (9.3) > roots (4.7) > stem tips (1.5). α-Cellulose was found to be predominant in comparison with β-cellulose in all the three parts of S. brachiata. Whatman filter paper No. 4 yielded 94.0% crude cellulose (α-cellulose and β-cellulose 88.0% and 1.0% yields, respectively).
Furthermore, the stem tips contained the greatest ash content (10.2%), indicating the presence of the greatest amounts of inorganic materials. It is interesting to note that the cellulose content was the lowest in the stem tips ( Table 1) .
The lignin content of the tender tips was lower than that of the stem and root. The water soluble material of the stem tips was highest in comparison with the other parts of the plant. The data presented in Table 1 shows that this accounted for ca. 80% of the mass of the tips, but only ca. 60% of the roots. Probably hemi-cellulose constituted mainly the remaining masses. [8] .
In the CP/MAS 13 C NMR spectra of crude, α-and β-cellulose from the root of S. brachiata, C-6 in the respective cellulose samples appeared at ca. δ 65.0, 62.8 and 63.6 ppm. The 13 C resonances for C-2, C-3 and C-5 appeared as a twin peak (δ 74.9 and 72.3) in the crude, while this coalesced into a single broad peak at ca. δ 74.9 and 74.6 in α-and β-cellulose, respectively. In the spectrum of the crude cellulose, the peak at δ 89.3 was assigned to C-4, which got broadened in α-cellulose to δ 87.7; no discernible peak, however, was detected in this region in the spectrum of β-cellulose. The anomeric carbon (C-1) resonated at ca. δ 105.6, 105.1 and 103.0, respectively. The spectra were in good agreement with those reported in the literature [8, 9] .
The X-ray diffraction patterns of the crude, and α-and β-cellulose samples isolated from the different parts of the plant exhibited the typical diffraction peaks at around 15 o and 23 o due to the crystalline structure of cellulose I. As reported earlier by Thygesen and co workers [10] , the intensity of the peak I 002 (2θ = 23 o ) indicated total crystalline and amorphous behavior, while I am (2θ = 18 o ) signified only the amorphous behavior of cellulose. Accordingly, the crystalline cellulose does not contribute to the peak intensity at 18 o , while an amorphous material diffracts with the same intensity at 18 o and 23 o .
All the crude cellulose samples, irrespective of the parts of the plant from which they were extracted, showed almost the same crystalline index of ca. 0.64, which was slightly less than that of Whatman filter paper (0.71). Further, it may be noted that the crude cellulose sample extracted from the Whatman filter paper showed a crystalline peak at 15 o coupled with one at 18 o , while the cellulose samples extracted from S. brachiata did not show the peak at 15 o ; instead they showed a rather broad peak in the region. This may be due to the fact that the cellulose samples extracted from the plant were a mixture of two types of cellulose (α-and β-), while that obtained from Whatman filter paper contained predominantly α-cellulose. Both α-and β-cellulose were separated from the crude cellulose samples and the respective XRD profiling of the samples was carried out. The quantity of β-cellulose obtained from Whatman filter paper was negligible and hence was not characterized. The α-cellulose samples showed typical diffraction patterns and diffraction peaks were observed at 12 o and 21 o for all the cellulose samples isolated from stem tips, stems and roots, as well as that from Whatman filter paper. The diffraction peak due to 110 plane of cellulose at ca. 12 o was absent for the β-cellulose sample from the stem tips, while it was present for the samples obtained from stem and root. The crystalline index for the α-cellulose was ca. 0.73 and 0.64 for the β-cellulose. Gilbert and Kadla [11] reported that in algal and bacterial cellulose, the α-polymorph predominates, while in higher plants the β-form does. However, in the present investigation the α-polymorph was predominantly found in all parts of S. brachiata.
SEM images of the crude cellulose isolated from stem tips, stem, root and Whatman filter paper, showed different morphologies. The stem tips appeared to have an organized fibrous bundled structure, while those of the stem and root exhibited a clustered structure. On the other hand, the cellulose of Whatman filter paper had a networked bundled morphology (Figure 1) , perhaps due to the predominance of α-cellulose therein [9] .
Thermogravimetric analyses of the crude cellulose samples obtained from stem tips, stem and root of S. brachiata showed two-step sharp mass losses (ca.70%) in the temperature range of 250 o C to 350 o C (inset Figure 2 ), leaving behind residues in different amounts, corresponding to the thermal deploymerization of cellulose and residual hemicellulose [12] . The difference in residues was 20-25% in the case of stems and roots cellulose (inset Figure 2 j & k) , while the cellulose obtained from the stem tips exhibited a gradual mass loss from 400 o C to 750 o C, with no residue. This can be explained in terms of their structural strength resulting in graded thermal stability (inset Figure 2) . It is apparent that the tender stem tips contained cellulose with comparatively lower thermal stability.
Thermograms of α-and β-celluloses are shown in Figure 2 . For the α-celluloses of stem tips, stem, root and WFP, sharp mass losses (75-85%) in the temperature range 300 o C to 370 o C followed by gradual mass losses in the range 370 o C to 700 o C were observed. For the β-cellulose samples obtained from stems, roots and WFP, there were comparatively less sharp mass losses (ca. 60%) in the range 200 o C to 370 o C; thereafter the mass loss followed a very slow pattern up to 700 o C (ca. 70% loss). On the other hand, the β-cellulose sample from the tips followed a completely different pattern showing gradual mass losses (ca. 60%) from 200 o C to 450 o C, beyond which no further mass loss was recorded (Figure 2b ). Mass losses for the α-and β-celluloses obtained from the tips showed different patterns; formation of residues for β-celluloses was much higher than the α-counterpart indicating distinctly greater thermal stability than that of the other cellulose samples. It can be seen from the thermograms that the thermal behavior of all the cellulose samples obtained from the stem tips exhibited a totally different profile in comparison with the other cellulose samples. Further studies will be required to clearly understand the reasons for such differences in the thermal behavior of cellulose from the stem tips.
Cellulose obtained from S. brachiata was found to be comparable to that of Whatman filter paper No. 4. The stems and roots of this plant had high cellulose contents, this being greatest in the stems, followed by roots and stem tips. Because of the yield of α-cellulose from the stems and roots, this plant may be of potential use as a source of cellulose for diverse applications.
Experimental
Materials: Salicornia brachiata used in this study was collected from Diu (20 o 43'56 N, 70 o 55'45 E) on the west coast of India. The plants were washed with tap water to remove the solid impurities, dried in a shed, and then divided into three parts, namely tips, stems and roots, which were powdered and stored in separate plastic containers. Whatman filter paper No. 4 was purchased from Whatman International Ltd. (Maidstone, UK) and cellulose extracted from it was used as the reference standard. Methanol, sodium chlorite , sodium acetate, sodium hydroxide, hydrochloric acid, sulfuric acid, and sodium hypochlorite were of LR grade and were purchased from Ranbaxy Fine Chemicals Ltd. (Mohali, Punjab, India).
Methods:
Cellulose was isolated from Salicornia brachiata [13] . Dried powder (100 g of each sample) was defatted by repeated extraction with MeOH (500 mL x 4) in a percolator for 8 days at room temperature (2 days for each cycle). The defatted powder was bleached with 36 g of NaClO 2 in 100 mL acetate buffer. The mixture was diluted to 1000 mL and stored in a water bath for 3 h at 60 o C. The material was washed with tap water until the washings had a pH ~ 7. The material was then added to 600 mL NaOH (0.5 M) solution and stored at 60 o C overnight. The resultant pulp was washed with water till neutrality, filtered and the residue was dried at room temperature. The dried product was treated with 200 mL HCl (5% v/v) and the suspension was heated to boiling. The slurry was allowed to stand at room temperature overnight. The product was washed with water till neutrality and freeze dried. The freeze dried, milky white, crude cellulose was used for the separation of α-and β-celluloses.
α-and β-Celluloses were separated [14] from the respective crude cellulose obtained from the tips, stems and roots of S. brachiata. The dried crude cellulose (1 g) was placed in 17.5% NaOH solution (30 mL) at 20 o C for 2 h, shaking the mixture at 15 min intervals. The resulting slurry was centrifuged. The α-cellulose was collected, washed till neutrality and freeze dried. β-Cellulose was precipitated from the supernatant by adding 3N H 2 SO 4 (20 mL); the mixture was heated at 70 o C for 20 min. The coagulated β-cellulose was recovered by centrifugation, washed with DM water and freeze dried.
Chemical analysis of Salicornia brachiata: Powdered plant materials of S. brachiata were used for the chemical analysis. The chemical composition of the plant samples (ethanol solubility, water solubility, alkali solubility, ash contents) were determined using standard methods, while lignin content was evaluated following the method reported by Froass et al. [15] (Table 1) . These data along with the cellulose contents were considered for the assessment of the mass balance in each sample.
Characterization: FTIR spectra were recorded on a Perkin-Elmer GX FTIR (USA) in KBr. CP-MAS 13 C NMR spectra were recorded at 20 o C on a Brüker Avance 500 MHz, Spectrometer (Switzerland) at 52.3 MAS; net spinning was kept at 5000 rpm/min. X-ray diffraction diagrams were recorded on a Philips X'pert MPD X-ray powder diffractometer. The Cu Kα 
